Abstracf-The motor presented employs multiple independent windings for operation with two very different pole numbers. The 18-pole field is produced with a symmetrical three-phase winding connected in a Steinmetz arrangement to a single-phase supply. A unified analysis method has been developed and used to demonstrate the equivalence of a Steinmetz delta or star connection with a main and auxiliary winding of a single-phase motor. The method has been experimentally validated and also included are some specific motor design considerations.
I. INTRODUCTION
While the potential of power electronics technology for lower cost in large volumeproduction and its long-term field reliability areyet to be fully proven, many drive applications, which require only basic speed variation, are employing he-fed induction motors. with special windings. Over the years, a large variety of motor designs have been developed to allow operation at two or more pre-set speeds, eg. [1] [2] [3] . Especially when used for mass production, such motors need to be very cost competitive and their optimization is subject to detailed design and analysis work.
The motor presented in the paper is designed with multiple independent windings to make possible the operation in two largely different configurations of 2 and 18 poles, respectively. The 18-pole configuration uses a delta Steinmetz connection, for which an analysis method has been developed. The main objective was to establish a mathematically rigorous equivalence between the Steinmetz connection and a main and auxiliary winding so that the motor can be optimally designed using singlephase motor engineering knowledge and practices. The method has been experimentally validated and also included in the paper are some specific motor design considerations.
. .
ANALYSIS METHOD
For the 2-pole main and auxiliary winding a single layer sinusoidal distributed arrangement is employed in order to minimize the torque harmonics, the noise and vibrations. The 2-pole higbspeed motor operation can be simulated using the conventional
The 18-pole field is produced with a symmetrical three-phase stator winding connected in a Steinmetz delta arrangement to 0-7803-7817-2/03/$17.W 02003 IEEE a single-phase supply (Fig. 1) . The single-phase supplied machine is asymmetrical and can be analyzed with the theory of symmetrical components. Based on the methods described in [41, we have, developed a unified analysis theory for the delta and the wye,Steinmetz connections. 
Similarly, based on the electrical circuit of the Steinmetz wye connection from Fig. 3 :
(9) (10) In terms of an equivalent single-phase circuit, we can consider (7) and (9) respectively, as the voltage equation for the main winding, and (8) and (10) respectively, as the voltage equation for the auxiliary winding.
For the Steinmetz delta connection (Fig. 4) : where:
With the variables referred to the main winding and a uansformation ratio a = &, the following set of equations is obtained for the equivalent circuit of the single-phase motor with Steinmetz delta connection:
I ,
Similarly, for the Steinmetz wye connection ( The transient torque contains a relatively large pulsating torque of twice the line supply frequency. Because of the very high load inertia the torque ripple does not cause speed oscillations in the example motor drive. Such a torque ripple is specific to a single-phase induction motor 191, being caused hy the presence of a forward and a backward rotating magnetic field.
Means of balancing the motor operation and reducing the pulsating torque are funher discussed in the next section.
IV. MOTOR DESIGN CONSIDERATIONS
using the procedure described in the previous section and a moimproved analytical methods developed previously [7, 8] .
The motor magnetic circuit has to he designed for optimal element analysis (FEA) magnetic field plots, which are printed tor design software [5, 61. The analysis was complemented by operation with 18-pole and 2-Pole field respectively. The finite A comparison between the steady-state simulated and tested performance is summarized in Figs.6-9 and in the tables I-D.
Figs.10-11) has been calculated using the constant motor parameters specified in the appendix.
In the 18-pole. configuration the motor is operated as a permanent-split capacitor (PSC) type, with the same capacitor connected both at start and run operation. In the 2-pole configuration a solid-state switch is employed to change in between the stan and run capacitor at 90% of the synchronous speed. The effect of the switch is noticeable in both the steady-state and on the same flux density scale in Fig.12 and 13, illustrate some of the design challenges due to the magnetic circuit being shared by two largely different stator winding polarities. In the lowspeed 18-pole configuration, the saturation level is significant only in the teeth. In the high-speed %pole configuration, the stator yoke has an increased magnetic loading. For a capacitor-start single-phase induction motor, which has the magnetization reactance much higher than the referred rotor resistance and leakage reactance, the starting torque can be denoted by 23 and 3, respectively.
auxiliary starting currents:
The starting torque can also be evaluated using the main and
Tat =-aKtilm,tl,,t s i n a 125)
where Kti is a proportionality constant and (Y is the electrical phase angle between the main and auxiliary current phasors. Based on (24). it can be demonstrated that the maximum theoretically achievable starting torque is only dependent of the motor parameters, i.e. is independent of the starting capacitor, and can be calculated as:
This equation can serve for an initial design choice of the tums ratio. In order for the motor to devlop the maximum starting toique calculated with (26), the starting capacitor has to be selected such that:
However, from the starting performance point of view, both maximum torque and minimum current are desirable. It is known that both conditions cannot be generally fulfilled with, the same capacitor and therefore a common engineering trade off is~to design for maximum staaing torque per amp, which is theoretically.
achieved for [I]:
In ?single-phase~induction motor model, in which only the fundamental mmf is considered, the instantaneous electromagnetic torque, T. , has an average (DC) component, Taus, and a pulsating (AC) component of amplitude, Tpl,, and frequencj equal to twice the supply frequency;
Balancing the run operation, which aims at eliminating the pulsating torque caused by the backward rotating field, is extremely important, especially for the 18-pole configuration for which the torque pulsations and the low rated speed can cause instability. 
(32)
where RI and R1, are the main and auxiliary winding resistance respectively, Xim and X,, are the ma@ and auxiliary leakage reactance respectively and the the equivalent foward impedance at a slip s is given by:
A balanced single-phase motor will have, in general, an increased torque per amp and ideally no pulsating torque component of twice the mains frequency. However, with a fixed value capacitive impedance the motor can be fully balanced at only one particular load and speed. To ensure continuous balanced operation over a wider torque-speed range, more complex solutions, such as an electronically controlled capacitor [12] [13] [15-16]. These considerations make the motor design very application dependent. The equations included in this section are useful for preliminary design and their application is followed by a more detailed parametric study employing the mathematical model of the motor, which was previously described.
The 18-pole configuration is produced through a Steinmetz delta connection of a 3-phase winding to a single phase voltage supply. The Steinmetz connection is advantageous because it has a higher winding factor than a main and an auxiliary winding and also eliminates the third-order harmonics of the air-gap nun€. Funhemore, the end-coil dimensions are reduced and as a result the end-leakage reactance and the end-winding resistance are relatively low. Obviously, for a given three-phase symmetrical winding and capacitor, the Steinmetz delta connection will produce theoretically twice as much torque and power than a Steinmetz wye connection. This is because the number of NmS in the equivalent main and auxiliary phase is half in a Steinmetz delta connection (Fig.4) as compared with a Steinmetz wye connection (Fig.5) . The theory presented in the second section of the paper has demonsoated that a Steinmetz connection is equivalent and can be fictitiously replaced by an auxiliary and a main winding with an effective ratio of tums a = a. Because the ratio of tums is larger than 1, the motor can be balanced only by using a capacitive impedance connected in series with the auxiliary winding [4, 91. The Ikpole motor configuration is operated as a permanent split capacitor type; the same capacitor is used both for starting and running operation and has to be optimized for both situations.
As the hnns ratio is fixed in a Steinmetz connected motor, we have used the motor design and analysis software [5] to study only the influence of the capacitor selection on the example motor performance and obtained the results plotted in Fig. 14 and 15. The region of most interest is in between 50 to 100 pF, where the starting torque and the average torque at rated load reach a maximum, and the amplitude of the pulsating torque at rated load has a minimum. Also, within this capacitance range, the ratio of the starting torque and starting current achieves a maximum.
It is interesting to note that for this motor example, fully balanced operation at rated load is not possible; in order to completely eliminate the torque pulsations not only the capacitance hut also the Nms ratio would need to be modified, which is clearly not feasible with a Steinmetz connection. However, by optimal choice of the capacitor the pulsating torque is minimized at a level, which is totally satisfactory for typical applications, while the staning and rated torque requirements are met.
The 2-pole configuration is of the conventional single-phase #pe and the parametric design study has been extended to in- Fig. 19 . Amplitude of the pulsating torque at rated load as a function of N" capacitance and I U~S ratio in the 2 pole motor canfiguration.
clude not only the capacitance but also the turns ratio (see . For a set value of the starting capacitance, the turns ratio has a relatively reduced influence on the staning torque per amp value. The value of the starting capacitance is selected in order to ensure the s . p e starting torque for the 2-pole motor configuration as for the 18-pole configuration, this requirement being determined by the typical direct drive application. More design freedom is available for the 2-pole configuration also because a sotid-state switch is employed to change from a start capacitor to a run capacitor. The run capacitance and the 'tums ratio are selected in order to minimize the pulsating torque and the same time match the rated load requirements. It is interesting to note that fully balanced'operation, with virtually zero pulsating torque, would be possible at rated speed, however, in this case the motor would not be able to develop the required rated torque.
V. CONCLUSIONS
The method developed for motor analysis allows the unified treatment of induction motors with a delta or star Steinmetz connection supplied from a single-phase voltage source. The overall agreement between calculated and measured performance .can be considered as satisfactow for a first test of the theory developed. Based on'themathematically proven equivalence between the Steinmetz connection and a main and an auxiliary winding, the method can be implemented spaightfonvard into existent induction motor design software and the motor can be optimized using single-phase motor procedures. some of the most important particularities of a motor with a Steinmetz connection have also k e n discussed and some design recommendations have been given.
APPENDIX
The motor parameters used for transient simulation are specified in Table In. 
